Summary This study examined femur geometry underlying previously observed decline in BMD of the contralateral hip in older women the year following hip fracture compared to non-fractured controls. Compared to controls, these women experienced a greater decline in indices of bone structural strength, potentially increasing the risk of a second fracture. Introduction This study examined the femur geometry underlying previously observed decline in BMD of the contralateral hip in the year following hip fracture compared to non-fractured controls.
Introduction
Hip fracture is the most severe consequence of osteoporosis in terms of morbidity and associated mortality [1] [2] [3] [4] [5] [6] . The majority of hip fracture research has focused on predicting fractures and on interventions that reduce their incidence. Only limited attention has been given to changes in bone after a hip fracture, particularly to indices of bone strength, despite the propensity these patients have to fracture their contralateral hip [7] [8] [9] [10] [11] . Understanding the natural course of change in the contralateral hip after an index hip fracture is relevant to design of interventions to optimize recovery and to minimize the risk of additional fractures.
A previous study of women participating in the third Baltimore Hip Study (BHS3) showed that in the year following fracture, women with recent hip fractures had a decline in bone mineral density (BMD) in the unfractured hip 11 times greater than age-matched women who had not fractured their hip [12] . These results suggest that the unfractured, proximal femur is weakening considerably in the year following fracture. Assuming mechanical similarity with the hip that has already fractured this is an alarming trend that may underlie the observation that a prevalent hip fracture is a major risk factor for new hip fractures. However, inferences drawn from BMD measurements by dual-energy X-ray absorptiometry (DXA) do not explain how the mechanical strength differs from normal and how it changes over time.
Strength under a particular load is a function of the geometry which determines the magnitudes of stresses within the bone as well as the tissue properties which limit the ability of the tissue to resist those stresses [13] . Current noninvasive methods cannot measure tissue properties, and the hip structural analysis (HSA) technique used in the present study is only a partial solution because the limited 2D geometric information in a DXA scan is insufficient for a complete 3D engineering simulation. Nevertheless, the method can provide geometric measures of strength in bending and in axial compression as well as an index of susceptibility to local buckling, at two femur locations where fractures commonly occur and a third purely cortical region where they are rare. The purpose of this analysis is to examine the femur geometry underlying the previously observed changes in hip BMD in the year following hip fracture from the BHS3 study. To provide a context, we compared hip geometry and its rates of change with an agematched control group of older women without hip fractures from the Study of Osteoporotic Fractures (SOF).
Methods

Identification of hip fracture cases
The Baltimore Hip Studies are a series of longitudinal studies of hip fracture outcomes in elderly communitydwelling men and women. The analysis for this paper used data collected from the third study; details have been previously published [14] . Briefly, between 1992 and 1995, 205 Caucasian women who were admitted to one of two acute care teaching hospitals in the Baltimore, Maryland metropolitan area after suffering a hip fracture were enrolled in the study. Women who were resident in nursing homes at the time of the fracture, admitted more than 48 h after the fracture event, under the age of 65, or had distal femoral fractures were excluded from participation.
Bone mineral density was measured at the non-fractured hip with dual-energy X-ray absorptiometry, using either Hologic QDR 1,000W® or QDR 1,500® (Hologic, Waltham, MA, USA) densitometers, within 18 days after fracture (baseline) and at 2, 6, and 12 months after the hip fracture admission. These scanners are both pencil beam systems and provide consistent measures of bone size. DXA machines were calibrated daily using a phantom to ensure that no significant drift occurred over time. Precision was calculated for each machine by measuring and remeasuring a group of healthy subjects who were taken on and off the scanner table. Precision was found to be 2.2% at the femoral neck and 4.0% at the trochanter using the conventional DXA software. Baseline scans were performed on 205 women; 124 were measured at 2 months, 121 at 6 months, and 102 at 12 months. A total of 176 women had at least one DXA scan suitable for hip structure analysis. All study protocols and consent procedures were approved by Institutional Review Boards of the participating hospitals and the University of Maryland Baltimore.
Identification of comparison groups
The comparison group was drawn from participants in the Study of Osteoporotic Fracture. The SOF is a multicenter prospective cohort study of Caucasian postmenopausal women with participants recruited from four areas in the USA: Baltimore Maryland, Minneapolis Minnesota, Portland Oregon, and the Monongahela Valley of Pennsylvania [15] . Women age 65 or older were enrolled between September 1986 and October 1988. At the second clinic visit, between January 1989 and December 1990, each participant had BMD measurements of the left hip using a Hologic QDR 1000 (Hologic, Waltham, MA, USA) DXA scanner and served as the "baseline" scan for this group. Scans were repeated at the fourth clinic visit using the same DXA scanner systems (August 1992 to July 1994), an average of 3.5 years later (range, 1.8 to 5.2 years). A total of 8,076 (83.2%) postmenopausal women participating in the study had DXA scans of the hip at study visit 2 (baseline), and of those, 5,079 had successful HSA analyses. At visit 4, 4,260 (84%) had a follow-up measurement by HSA.
For this analysis, an age-matched control group was randomly selected from a sample of 3,580 SOF women with HSA measures at both visits who had not suffered a hip fracture through the follow-up period in 2002. Two SOF participants were matched to each hip fracture case from BHS3 based on 5-year age groupings. Because SOF participants were younger, it was not possible to obtain matched controls for 25 BHS3 participants in the 86-90 and 90+ age groups, so these BHS3 subjects were excluded from the analysis.
Measures
Analysis of structural parameters
The HSA program employs conventional DXA image data to derive geometric properties of bone cross-sections using principles first described by Martin and Burr [16] . HSA conducted for this study used the software version developed at Johns Hopkins [17] . The HSA algorithm derives the conventional BMD, the outer diameter (OD), the total mineralized bone surface in the cross-section (CSA), the cross-sectional moment of inertia (CSMI), the locus of the center of mass (centroid), and the section modulus (SM) directly from the mass profiles [17] . The centroid position is reported as the distance of the centroid from the medial cortical margin divided by OD. Section modulus is computed as CSMI/d max , where d max is the maximum distance from the centroid to the medial or lateral cortical margin (Fig. 1) . Another parameter, the buckling ratio (BR) is estimated as the ratio of d max to estimated mean cortical thickness derived from an annulus model of the cross-section using the measured OD, assuming that a fixed proportion of the CSA is in the cortex. The CSA and SM are indices of resistance to axial compressive and bending loads, respectively, while the BR is a crude index of susceptibility to local buckling under bending loads.
The HSA software generates profiles of pixel values traversing the proximal femur at three locations: the narrow neck (NN) across the femoral neck at its narrowest point, the intertrochanter (IT) along the angle bisector defined by the neck and shaft axes, and across the shaft at a distance of 1.5 times minimum neck width distal to the axes intersection. Although fracture only occurred in these subjects at the neck or IT region, shaft results where fragility fractures are rare are included to illustrate consistency in the outcomes, although buckling at the thick cortex shaft is unlikely even in these subjects. At each of these locations, five parallel profiles spaced one pixel apart both proximal and distal to the three defined locations, are generated. Within each region, the five profiles are averaged and the BMD, CSA, OD, SM, and BR are reported.
Covariates
Baseline age in years, height (cm), and weight (kg) were measured at 10 days or 2 months after fracture for BHS3 and at visit 2 ("baseline") for SOF participants.
Statistical analysis
Differences in baseline age, height, weight, and femur geometry at three regions of the hip were compared using t tests. Baseline femur geometry adjusted for age, height, and weight was also compared because bone mechanical strength is positively correlated with age and body size. These results are presented as percent difference between BHS3 and SOF controls at all three regions. Differences in the follow-up periods for the BHS3 cohort (2, 6, and 12 months) and SOF cohorts (approximately 3.5 years between visits 2 and 4) prevent time-specific comparisons of bone geometry outcomes. Because measures were available at only two time points for the SOF subjects, rates of change were estimated assuming a linear rate of change over time. Comparisons of rates of change among the two cohorts were made using maximum likelihood estimates of the parameters of longitudinal regression models [12] .
Mixed models were fitted for each outcome. Random subject effects were taken into account by specifying an exchangeable covariance matrix. The fixed effects for the comparison between the BHS3 and the SOF cohorts were modeled according to the following equation:
where Y t is the bone geometry measure of the subject at a specific follow-up time point; b 0 is the intercept (and represents the predicted level of the bone geometry measure for the SOF cohort at baseline); X is the cohort indicator variable where 0=SOF and 1=BHS3; t 2, t 6, t 12 , and t >12 are indicator variables for the time points corresponding to follow-up at 2, 6, 12, and more than 12 months, respectively; and m is the months follow-up for subjects in the SOF cohort.
The baseline covariate terms include age, height, weight, and bone geometry measured at baseline. Because of the product terms involved, b 1, b 2 , b 3 , and b 4 are parameters fitted with BHS3 data and b 5 , the linear rate of change parameter, with SOF data. Having obtained estimates of the parameters, the change from baseline at 12 months was determined as b 4 for the BHS3 cohort and b 5 for the SOF cohort.
Rates of change are reported as annual percent change, from age and body size-corrected bone geometry at baseline for each group at the narrow neck, IT, and shaft regions of the hip. Differences were considered significant if p<0.05. All analyses were done using Stata statistical software, version 9 (Stata, College Station, TX, USA).
Results
Differences in baseline characteristics and bone geometry between SOF controls and BHS3 hip fracture cases are shown in Table 1 Fig. 1 . Baseline measurements were missing or technically unsuitable for HSA in 15 BHS3 women; therefore, these data were excluded from further analyses. Women who suffered from a recent hip fracture were significantly taller and weighed less than SOF controls. At the NN, IT, and shaft regions for both unadjusted and adjusted bone geometry, BHS3 women had significantly lower SM, BMD, CSA, and higher BR; OD was only significantly wider at the NN. Annual percent changes for the two groups at the three femur regions are shown in Table 2 , while modeled trends in these parameters are shown graphically in Figs. 2, 3 , and 4. Bone mineral density: rates of decline in BMD were significantly higher in BHS3 women at the NN (3.0% vs. 0.8%, p<0.01), IT (3.3% vs. 0.6%, p<0.01), and shaft (2.3% vs. 0.2%, p<0.01). Decline appears to be greatest during the first 6 months following fracture at the NN and IT (Figs. 2, 3 , and 4). Cross-sectional area: rates of decline in CSA were significantly greater at the NN (2.3% vs. 0.2%, p<0.01) and IT (3.2% vs. 0.5%, p<0.01) and the greatest decline was observed at the NN and IT in the first 6 months following fracture (Figs. 2, 3 , and 4). Outer diameter: the rate of OD expansion was similar at the NN and IT regions, but was significantly higher at the shaft (0.9% vs. 0.1%, p<0.01). Section modulus: rates of decline in SM were significantly greater at the IT (3.9% vs. 0.6%, p<0.01) but not at the NN or shaft. Similar to trends observed in BMD and CSA, decline was greatest during the first 6 months following fracture at the NN but during the first 2 months at the IT (Figs. 2, 3, and 4 ). Buckling ratio: buckling ratios increased faster in BHS3 women than in SOF controls at the NN (5.0% vs. 2.1%, p<0.01), IT (6.0% vs. 1.3%, p<0.01), and shaft (4.4% vs. 1.0%, p<0.01) suggesting increasing susceptibility to local buckling (Figs. 2, 3, and 4) .
Discussion
This analysis extends prior work by Magaziner and colleagues that showed significantly lower BMD of the contralateral hip and greater decline in the year following fracture in older women with hip fracture than in agematched controls [12] . The continuing BMD decline is alarming because the unfractured hip was in all likelihood as fragile as the one that did fracture. The present study takes a closer look at that data by examining the underlying femur geometric strength and its trajectory of change to obtain a clearer perspective on the mechanical consequences of the BMD decline. As in the prior study, the results were compared to age-matched controls drawn from participants in the Study of Osteoporotic Fractures who had not suffered a prevalent or incident hip fracture.
In the cross-sectional comparison we observed a number of important geometric differences at post-fracture baseline between BHS3 fracture cases and SOF controls. Our goal was to gain some insight into how much structurally weaker the femurs of BHS3 women were compared to age-matched controls who do not fracture their hips. The adjusted BMD differences in BHS3 women averaged 9-14% lower at the three HSA regions than controls. The underlying mechanical implications of the BMD differences, however, are complicated by the opposing effects of OD on BMD and on bending strength (SM). In the definitive study of femur geometry in the SOF by Kaptoge et al., the ability of BMD to predict hip fracture could not be explained by mass differences alone (BMC or CSA) but required the additional decrement due to a wider bone diameter. Paradoxically, a wider bone should be stronger (higher SM) but femoral necks were significantly wider in BHS3 compared to SOF controls consistent with the findings of Kaptoge and colleagues in SOF and Rivadeneira and colleagues in the Rotterdam study [18, 19] . We did not observe wider femurs in BHS3 at the intertrochanter and shaft regions which may possibly reflect differences in fracture populations between these samples/ studies. In neither the Kaptoge nor the Rivadeneira papers did section modulus predict fracture as well as BMD as would be expected from engineering beam theory, suggesting that the wider diameter may tend to preserve SM at the expense of cortical stability. In the present study the largest differences between BHS3 and SOF controls were in the buckling ratio, as was also evident in the SOF and Rotterdam studies [18, 19] . The rates of change in BR were greater than that of any other parameter in BHS3 compared to SOF controls suggesting that buckling susceptibility continues to increase (as is also evident in BMD decline) in the year following fracture.
In the longitudinal comparisons, the BHS3 women showed significant declines in SM (although not significant at NN and shaft), BMD, CSA, and significant increases in BR in the year following fracture. Outer diameter showed p values for a test of the null hypothesis that the between group changes over 12 months are the same apparent increases at all regions but only reached significance in the 1-year period at the shaft where method precision is highest [20] . These results are consistent with adaptive changes to reduced loading activities in the postfracture period among BHS3 women. In SOF controls, decline in BMD at the NN region was entirely due to change in OD; loss of NN bone (CSA) was non-significant. At the IT region, the decline in BMD was due to a combination of significant loss of CSA and a significant increase in OD. These opposing changes appear to preserve SM. It is also important to note that there was little evidence of recovery among BHS3 women and the decline of some parameters appears to be greater in the first 6 months following fracture (Figs. 2, 3, and 4) . Although there appears to be some recovery between 6 and 12 months, a full recovery is not achieved and the femur is geometrically weaker compared to baseline. This is consistent with findings from a study by Mikkola et al. that showed bone mineral mass and geometry of the tibia in women and men who sustained a hip fracture were systematically lower than non-hip fracture controls even an average of 3.5 years postfracture [21] . These trends may be explained by the increase in bone turnover observed after fracture, perhaps secondary to a reduction in loading activity. Studies of biochemical markers of bone turnover showed that bone remodeling is significantly increased after fracture where resorption exceeds bone formation during the first 4-7 months following fracture, and though more consistent, bone markers continue to be elevated several years after fracture. These trends are most pronounced in hip fracture cases and may be further confounded by immobilization of the lower limb that typically follows this type of fracture [22] [23] [24] [25] . The continued elevation of remodeling that occurs long after the fracture may lead to additional loss of bone mass and strength that predisposes women to a higher risk of future fracture. In contrast, a longitudinal study by Dirschl et al. reporting change in BMD over 6 years following fracture showed that BMD lost during the first year after fracture was completely recovered after 6 years, and was even higher than it was at the time of fracture [26] . However, results were from a small sample of men and women and it is not clear if these long-term trends would be similar in indices of bone strength. Changes in femur geometry over time reflect adaptation to prevalent loading conditions, and the small changes among SOF controls suggest that their loading conditions remained relatively constant when no fracture occurs. This is clearly not the case in the recovery period following fracture, where loading is significantly diminished and when faster rates of change in CSA and SM following fracture are detected. Adaptation to load on the femur may be more evident in bone geometry than in BMD, which has important implications for rehabilitation strategies postfracture [27, 28] . In addition, several pharmacologic intervention studies including treatment with PTH and Raloxifene have shown greater changes in bone geometry than in BMD [29, 30] . Primary outcomes for rehabilitation interventions post-fracture include improved functioning, but little is known about the effects of physical rehabilitation on BMD or bone strength. It may be that a combination of exercise and pharmacologic treatment will yield the most benefit.
Although the results of this study are consistent with the previous analyses of contralateral hip BMD among these women who have suffered a hip fracture, the annual BMD loss reported previously was up to two times greater than the BMD loss observed in this analysis [12, 31] . This may in part be due to differences in the analytic samples. However, differences in BMD loss between the two analyses are most likely due to the difference in methods used to measure BMD. BMD in the previous analysis was measured directly by conventional scanner software whereas in the present analysis, BMD was measured using HSA software. The HSA narrow neck region is roughly comparable to the conventional femoral neck; correlations between conventional DXA and HSA BMD measures are high although they are not equivalent due to difference in neck location and in algorithm edge detection. We ran the same models using DXA-measured BMD and found the results to be significant and comparable to BMD measured by HSA (DXA BMD, −3.2% in BHS3 vs. −0.6% in SOF; HSA BMD, −2.8% in BHS3 vs. −0.8% in SOF). There were several limitations to this study. Although we were able to adjust for height, weight, and age at baseline, we were unable to account for additional factors that may influence change in bone strength following a hip fracture. It could be that femur weakening was exacerbated if women who suffered a hip fracture were sicker (had multiple co-morbidities) than their age-matched controls. However, in the previous analysis of BMD change the year after fracture, neither co-morbidities nor disability as measured by difficulty with ADLs were found to be confounders and were left out of final models. In addition, we were unable to accurately account for the influence of bone altering medication such as hormone replacement therapy (HRT), which was still a common therapy at the time women in these studies were scanned. HRT use was self-reported in the BHS3 and SOF studies and women in either study could only be categorized equivalently as ever taking HRT or not at all. We found that a significantly larger proportion of women who recently fractured their hip had ever taken HRT compared to SOF controls, but after adjustment, we found that results did not change. One cannot be certain that the contralateral hip was as fragile as the hip that fractured; moreover, changes in mechanical load due to altered stance on the intact hip during the recovery period may in part be responsible for some of the changes in geometry evident here. These complex effects cannot be evaluated with the limited data in this study. Finally, in order to make comparisons at 2, 6, and 12 months, we assumed a linear trajectory over 4 years for the SOF cohort as estimated from individual changes in the SOF subjects during that time span. Although one should be cautious when interpreting these results, the estimate decline in BMD over 12 months obtained in our study is similar to prior reports of BMD change over time [32] [33] [34] [35] [36] [37] . While rates of change may vary with age, the average BMD decline observed in older women from a population-based cohort study adjusted for age and BMI was −0.0045 g/cm 2 per year which is similar to the estimates we obtained for SOF controls in this analysis [33] . Other studies reported a decline in femoral BMD between 0.9% and 1.43% which is also similar to the estimates we obtained [32, [34] [35] [36] . However, if trajectories are not linear in this sample, our models may be over or underestimating the true difference between women with and without a hip fracture.
In conclusion, we have shown that geometric strength of the contralateral hip decreased significantly faster during the year following hip fracture compared to age-matched controls from the SOF study that did not experience a hip fracture. The majority of the geometric decline in BHS3 women occurs within the first 6 months at the NN and IT regions where fragility fractures occur. Given the increased risk of suffering a second fracture in the contralateral hip, this analysis provides a potential explanation of the mechanisms by which these fractures occur. Results of the present study point to further loss of bone strength as another consequence of hip fracture that should be considered when identifying strategies for post-fracture care.
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